Introduction
The capacitation process confers on mammalian spermatozoa the ability to fertilize eggs, specifically by permitting them to undergo the acrosome reaction which releases enzymes required for penetration of the investments surrounding the unfertilized egg (Bedford, 1970; Morton, 1976) . Because the acrosome reaction can be assessed by light microscopy, this characteristic is frequently used as an indicator of capacitation and hence fertilizing ability; another easily detectable change associated with fertilizing ability is the development of the characteristic whiplash pattern of motility by the spermatozoa of some species (Yanagimachi, 1970; Yanagimachi & Usui, 1974; Fraser, 1977) . Amongst the factors implicated in the process of capacitation is cyclic AMP. Caffeine and other methylxanthines, which can act as cyclic nucleotide phosphodiesterase inhibitors, have been observed to increase and even prolong sperm motility (Garbers, First, Sullivan & Lardy, 1971; Garbers, Lust, First & Lardy, 1971; Hicks, Martinez-Manautou, Pedron & Rosado, 1972; Hoskins, 1973; Schoenfeld, Amelar & Dubin, conclusive evidence of an effect on capacitation has been presented by Fraser (1979b) who demonstrated that caffeine significantly decreased the capacitation time for mouse spermatozoa, promoting rapid penetration of eggs and precocious development of whiplash motility. However, Rogers & Garcia (1979) have reported that exogenous dibutyryl cyclic AMP and phosphodiesterase inhibitors inhibited both induction of the acrosome reaction and fertilization in vitro by hamster and guinea-pig spermatozoa, results at variance with other published studies which suggested a positive influence for the cyclic nucleotide. In the present study the temporal relationships of achievement of fertilizing ability, acrosome loss and whiplash motility were examined in sperm suspensions incubated in media containing glucose and/or dibutyryl cyclic AMP to determine the possible role played by this cyclic nucleotide in fertilization by mouse spermatozoa.
Materials and Methods

In-vitro fertilization
The modified Tyrode's solution described by Fraser & Drury (1975) , containing 5-56 mM-glucose and excluding pyruvate and lactate, was used for all experimental procedures; glucose was also omitted as indicated. Osmolarity was maintained by the addition of extra NaCl and media contained 30 mg bovine serum albumin (BSA: Armour; Eastbourne, Sussex) per ml unless otherwise specified. Gamete Epididymal TO sperm suspensions were prepared by releasing the contents of 2 epididymides, 1 from each of 2 males, into 1 ml medium. After a preincubation of 30 min or 2 h at 37°C, suspensions were diluted 10-fold in the medium used for fertilization to give a final concentration of 1-2 106 spermatozoa/ml and eggs were added. In most experiments the same medium was used for preincubation and fertilization.
In Series I experiments, sperm suspensions were preincubated for 30 min before addition of eggs; 4 different media combinations were examined. In 3 of these the preincubation and fertilization stages utilized the same medium: (1) glucose only, which served as the control medium; (2) glucose plus 0-1 mM-dibutyryl cyclic AMP (dbcAMP: N6,02'-dibutyryladenosine 3' :5' cyclic monophosphoric acid: Sigma); (3) glucose plus 1 mM-dbcAMP. In the fourth group, the preincubation medium was glucose-free but contained 1 mM-dbcAMP. while the fertilization medium contained glucose and 1 mM-dbcAMP. In Series II, these same 4 combinations were tested after preincubation for 2 h. In Series III, sperm fertilizing ability after a 2 h preincubation was tested with zona-free eggs. The 3 media used in this series were: (1) glucose-containing medium; (2) glucose-free medium plus 0-1 mM-dbcAMP; (3) preincubation in medium as for (2) and dilution in glucose-containing medium for fertilization.
Assessment
Fertilization and nuclear development. In all experiments, eggs were transferred from the sperm suspensions into small droplets of glucose-free medium under liquid paraffin approxi¬ mately 65 min after gamete mixing. At 75 min, all groups of eggs were fixed simultaneously by flooding the dishes with neutral buffered formalin (4% formaldehyde, final concentration). Eggs were subsequently stained with 0-5% aceto-orcein and examined microscopically (Fraser, 1979a ). An egg was considered to be fertilized if it had resumed meiosis II (activation) and possessed a decondensing sperm head. These two independent characteristics can be further categorized into egg activation stages of early anaphase (chromosome separation just beginning), middle to late anaphase (chromosome separation advanced to mid-spindle position or further) and telophase-second polar body (chromosome separation concluded and extrusion of polar body either begun or completed), and into sperm decondensation stages of (1) just beginning, (2) half-decondensed, (3) 0-01% acridine orange was added and a coverslip applied. Since the acridine orange is used for its ability to immobilize the cells rather than for its fluorescent properties, the spermatozoa can then be examined with ordinary bright light for the presence or absence of an acrosome; alternatively, the filtered suspensions can be fixed in buffered formalin prior to assessment. At least 100 spermatozoa were assessed in each sample; for data presented in Table   5 more than 400 cells were examined in each group.
Motility patterns. In all the media tested spermatozoa were examined for the whiplash motility pattern associated with fertilizing ability in the mouse (Fraser, 1977) , and the relative proportions of single, motile gametes displaying the characteristic pattern were estimated; again, assessment was made on suspensions in the absence of eggs.
Results
Series I: sperm preincubationfor 30 min Spermatozoa released and preincubated for 30 min in glucose-containing (control) medium were able to fertilize 60-8% of eggs as judged by the criteria detailed above, and the spread of egg activation and sperm-head decondensation stages indicated asynchronous penetration of these eggs (Table 1) . When the test medium contained both glucose and 1 mM-dbcAMP, significantly fewer eggs were fertilized (21-4%; 2, < 0-001) and asynchronous penetration was again indicated. In contrast, when glucose was omitted from the preincubation medium containing the dbcAMP and only introduced at the time eggs were added, fertilization rates were much higher (84-2%; < 0-01) and terminal stages of nuclear development were obtained in the majority of eggs, suggesting early and relatively synchronous penetration by the fertilizing spermatozoa.
When the test medium contained glucose + 0-1 mM-dbcAMP, very high levels of fertilization were obtained (90-5%; < 0-001) with terminal stages of early nuclear development observed in most of the eggs. The lower concentration of dbcAMP therefore enhanced the fertilizing ability of spermatozoa and promoted rapid penetration, compared with medium containing only glucose. (Fraser, 1979a, b; Fraser & Quinn, 1981) . The present results were entirely consistent with these observations. Of the 4 combinations of media tested, 3 yielded >95% fertilization with approximately 90% or more of eggs containing terminal stages of nuclear development ( Table 2) . As in Series I, medium containing glucose + 1 mM-dbcAMP throughout the experimental period supported only low levels of fertilization (22-2%; < 0-001) with a spread in nuclear stages which suggested asynchronous penetration over a relatively long time. The possibility that this Table 3 ), and terminal stages of egg activation and sperm head decondensation predominated. The only characteristic revealing significant differences between these 2 groups was the incidence of polyspermy which was much higher in the absence of zonae (Table 3) . (Table 4) ; at 2 h about 40% of spermatozoa in all media lacked an acrosome. There were therefore no significant differences for spermatozoa in 5 of the media tested, despite the considerable and striking differences in fertilizing ability (Table 1) . Acrosome loss was detected in media which failed to promote whiplash motility (e.g. containing only cyclic nucleotide) as well as in glucose-containing media, indicating that the pattern of motility did not affect sperm passage down the gel column. 
Motility patterns
In general, the proportion of motile gametes in all groups was similar. All media which contained glucose, irrespective of other components, or to which glucose was introduced just before assessment supported whiplash motility in >50% of motile gametes after a 2 h incubation period. After 30 min in glucose-containing medium, very few (<5%) of the gametes exhibited whiplash motility, although after an equivalent period in medium containing glucose + 1 mM-or 0-1 mM-dbcAMP, a significant proportion of spermatozoa (20-40%) displayed whiplash motility. While media containing cyclic nucleotide but lacking glucose supported the acrosome reaction, no whiplash motility was observed in spermatozoa incubated for 30 min or 2 h; rather, the characteristic, slightly sluggish motility exhibited in glucose-free medium (Fraser & Quinn, 1981) was maintained throughout the incubation. The addition of glucose to these suspensions, however, was associated with an immediate transition to the whiplash pattern associated with fertilizing ability (Fraser, 1977) .
Discussion
The results presented here suggest that capacitation of mouse spermatozoa involves either synthesis of cyclic AMP or maintenance of a critical level of this compound. By supplying exogenous cyclic nucleotide in the form of dibutyryl cyclic AMP as in the present experiments or by increasing endogenous levels through application of the phosphodiesterase inhibitor caffeine (Fraser, 1979b) , the time required for capacitation is significantly decreased; when glucose is also present, spermatozoa treated in these ways for 30 min are able to penetrate eggs rapidly and synchronously, unlike spermatozoa maintained in medium containing only glucose. Further¬ more, dibutyryl cyclic AMP supports the acrosome reaction in vitro, even in the absence of glucose (Table 4) , whereas medium lacking both cyclic nucleotide and glucose fails to do so (Table 4 ; Fraser & Quinn, 1981) . Cyclic nucleotide alone, however, does not promote whiplash motility; in the absence of glucose, the occurrence of the acrosome reaction in isolation from motility changes will not permit fertilization of eggs with intact zonae, although some eggs can be fertilized after removal of this layer (Table 3) .
These results suggest that the pivotal role played by glycolytic metabolism in the development of mouse sperm fertilizing ability is associated with the endogenous generation of cyclic AMP. That this generation may occur in the vicinity of the acrosome is consistent both with the demonstrated relationship between cyclic nucleotide and the acrosome reaction and with the localization of adenylate cyclase in sperm plasma membrane and outer acrosomal membrane fractions (Braun & Dods, 1975; Herman, Zahler, Doak & Campbell, 1976) . The ATP required by adenylate cyclase for cyclic AMP synthesis may prove to be more accessible when supplied by the cytoplasmically-generated ATP from glycolysis than by the more remote mitochondrial oxidative metabolism occurring in the sperm midpiece. Cyclic nucleotide also plays an important role in development of the whiplash motility as indicated by the precocious expression of this motility in the presence of exogenously supplied dibutyryl cyclic AMP. Cyclic nucleotides, phosphodiesterase inhibitors and catecholamines, compounds which affect cyclic AMP levels in many systems examined, have been shown to stimulate glycolysis and/or motility in spermatozoa from many mammalian species (see 'Introduction'; Hoskins, 1973; Bavister, Chen & Fu, 1979) . Earlier studies had noted a general increase in glycolysis and respiration with capacitation (Hamner & Williams, 1963; Mounib & Chang, 1964) , although the cause was not understood. If one assumes that ATP is the critical product of glycolysis, then this effect of cyclic nucleotide on motility may be due primarily to stimulation of glycolysis leading to increased availability of ATP, serving both for production of more cyclic AMP and as an energy substrate for motility. In many systems cyclic nucleotides exert their effect by activation of protein kinases; such kinases have been isolated from mammalian spermatozoa (Hoskins, Casillas & Stephens, 1972; Garbers, First & Lardy, 1973) and implicated in the generation of motility. Whatever the exact mechanism, cyclic AMP must act as an intermediary in this process since active glycolytic metabolism is also required to obtain the observed motility changes.
The vital role played by the whiplash motility in permitting mouse spermatozoa to traverse the zona pellucida is evident from the results presented in Table 3 . It has generally been assumed that this vigorous tail movement is associated with zona penetration (Yanagimachi, 1970; Rogers & Morton, 1973) , but the present results unequivocally demonstrate the need for this characteristic form of movement. Only when the zona has been removed can sperm suspensions, capable of undergoing the acrosome reaction but lacking whiplash motility, fertilize eggs. Even then the relatively low success rate would suggest that motility may be crucial for proper orientation before and during sperm-egg fusion, and Wolf & Armstrong (1978) have reported that motility is maintained during this phase of the fertilization process. However, by simply adding glucose to these same suspensions, a population which exhibits poor fertilizing capabilities is immediately transformed into a highly successful one, with the only major detectable change being the development of whiplash motility. In contrast to studies utilizing hamster sperm suspensions (Meizel, 1978) , there was no evidence to suggest an association between mouse sperm motility pattern and loss of the acrosome (see Table 4 (Fraser & Quinn, 1981) . According to the generally accepted definition, capacitation is a process which prepares the spermatozoon to undergo the acrosome reaction (Bedford, 1970) ; it does not require overt acrosome loss in the absence of eggs, although clearly a certain proportion of cells will exhibit such loss after sufficient time in appropriate conditions.
Contrary to the report of Wolf, Inoue & Stark (1976) that enzymic removal of the zona interfered with subsequent fertilization, no difficulties were encountered when a dialysed enzyme preparation promoting rapid zona dissolution was used. Removal of the zona leaves the egg plasma membrane immediately accessible to the spermatozoa and it is not surprising that the majority of zona-free eggs fertilized in glucose-containing medium were polyspermic. All but 2 possessed synchronously developing, fully decondensed sperm heads. These results argue strongly that the mouse egg block to polyspermy is efficient and rapid, probably occurring within a few minutes; this is consistent with the observations of Fukuda & Chang (1978) and Sato (1979) . Cytological (Fraser, 1979b) and chromosomal assessments (Fraser & Maudlin, 1978) of zona-intact eggs indicate that the vast majority of multiple penetrations occur synchronously as demonstrated by the similarity of stages present, although the incidence of polyspermy is somewhat lower.
The observation that 1 mM-dbcAMP interfered with fertilization, while 0-1 mM significantly accelerated capacitation, suggests that the inhibition of fertilization by guinea-pig spermatozoa obtained by Rogers & Garcia (1979) with 10 mM-dbcAMP may be due to the high concentration tested. Alternatively, species differences may be such that critical cyclic nucleotides vary; Santos-Sacchi & Gordon (1980) have reported that dibutyryl cyclic GMP, rather than AMP, can induce the acrosome reaction in guinea-pig spermatozoa. However, Mrsny & Meizel (1980) found that micromolar amounts of dibutyryl cyclic AMP stimulated acrosome loss and motility changes in hamster spermatozoa, while the same compound at 10 mM had no detectable effect compared to nucleotide-free control samples. In the mouse system, manipulation of glycolytic metabolism by excluding glucose during the preincubation period effectively removed the inhibitory effect, suggesting that the inhibition could well be due to excess of a metabolite, such as butyrate, freed during metabolism of the dibutyryl analogue, this processing being dependent on glycolytic metabolism. The inhibition cannot be ascribed to a negative effect on the eggs since the concentration of cyclic nucleotide to which the eggs were exposed was the same, whether or not glucose was included during the sperm preincubation period (Table 2) .
A caveat which follows from these particular experiments utilizing 1 mM-dbcAMP is that, by assessment of acrosome loss and whiplash motility, the sperm suspensions would be expected to be highly fertile. After 2 h preincubation, approximately 40% of motile gametes had lost the acrosome and the majority exhibited whiplash motility, yet when mixed with eggs, fertilization was very poor. The ultimate proof of sperm capacitation still requires demonstration of func¬ tional ability within a strictly defined temporal framework rather than reliance solely on changes occurring in the absence of eggs.
Under standard conditions in the presence of glucose, mouse sperm suspensions require approximately 2 h to become fully capacitated, i.e. to fertilize a group of eggs rapidly and synchronously (Fraser & Drury, 1976; Fraser, 1979b; Fraser & Quinn, 1981) . During that time, 35-40% of motile cells lose the acrosome and the majority develop whiplash motility (Fraser, 1977; Fraser & Quinn, 1981; present study). In the absence of glycolytic metabolism, neither change is observed, but the addition of glucose at the time eggs are introduced permits an immediate shift to the levels observed in the former group and fertilization occurs rapidly and synchronously. In the presence of dibutyryl cyclic AMP, capacitation time is shortened as indicated by rapid and synchronous fertilization after a 30-min preincubation rather than the usual one of 2 h. These results strongly suggest that the process of capacitation in mouse spermatozoa involves the endogenous generation of cyclic AMP, with the essential requirements for cyclic nucleotide synthesis, the acrosome reaction and whiplash motility being supplied by glycolytic metabolism. This proposed role for cyclic AMP is consistent with several recent studies, including the observed correlation between an endogenous rise in cyclic AMP levels and induction of the acrosome reaction in guinea-pig spermatozoa (Hyne & Garbers, 1979 ) and a stimulation of motility, acrosome loss and fertilizing ability in hamster spermatozoa by catecholamines (Cornett & Meizel, 1978; Cornett, Bavister & Meizel, 1979 
